Background {#Sec1}
==========

Migration and invasion into the stroma is a requisite for cancer metastasis. Two mechanisms have been described in the last decade, namely epithelial to mesenchymal transition (EMT) and complex tumour cell migration. In EMT, as primarily described in experimental studies, the tumour cells downregulate adherence proteins, lose contact to cells, and change to a mesenchymal phenotype, often by exchanging keratin for vimentin or α-actin \[[@CR1], [@CR2]\]. These cells develop invadipodia and move as individual cells or in small groups. Several genes have been identified as EMT drivers, namely snail family transcriptional repressor 2 (Slug), twist family bHLH transcription factor 1 (TWIST), Zinc finger E-box binding homeobox 1 (ZEB1), nuclear-translocated β-Catenin, transforming growth factor beta (TGF-β), and the frizzled class receptor family (frizzled) \[[@CR3]--[@CR10]\]. Among examples for EMT in pulmonary carcinomas are small cell carcinomas (SCLC), micropapillary adenocarcinomas, and pleomorphic carcinomas (PC), whereas in the majority of adenocarcinomas (AC), squamous cell carcinomas (SCC), and large cell carcinomas (LC), EMT seems to be rare. In complex tumour migration, the cells form cell clusters and disconnect from the main tumour \[[@CR11]\]. EMT has been thought to be essential for metastasis. However, recent findings have challenged this view and proposed complex tumour cell migration as an alternative. Some have called this hybrid EMT, and it has even been experimentally shown that cells can metastasize without changing to a mesenchymal phenotype, called the epithelial migration type \[[@CR12]--[@CR15]\]. Although SCLC as well as micropapillary adenocarcinomas move in small cell clusters of 3--5 cells or as single cells and invade the primary as well as the metastatic organ site diffusely, in the majority of cases, they do not lose their epithelial phenotype. Neither loses cytokeratin -- thus, they are a part of hybrid-EMT. Pulmonary sarcomatoid carcinomas, especially spindle cell carcinomas, often occur in the primary tumour with a mesenchymal phenotype, expressing α-actin instead of keratin. They may continue doing this during metastasis, or they may revert back to an epithelial phenotype at the metastatic site.

Due to the fact that vascular invasion is a poor prognostic factor \[[@CR16]\], we usually evaluate carcinomas for vascular invasion. We identified well-formed AC and SCC cell clusters within the vascular walls, still forming differentiated structures such as glands or plate-like sheets. Because these tumour cells are disconnected from the main tumour, they must have migrated in these complexes or bulks (Fig. [1a](#Fig1){ref-type="fig"}, [b](#Fig1){ref-type="fig"}, [c](#Fig1){ref-type="fig"}). These bulks do not lose their keratin cytoskeleton and generally do not express vimentin or other markers of EMT, indicating that bulk cell migration is an alternative mechanism, for which the driving genes have not been identified. In Drosophila wing border cell migration, four key genes have been identified as being related to this complex cell movement: receptor of activated C kinase (Rack1), brinker (Brk), mother against dpp (Mad), and saxophone (SAX) \[[@CR17]\].Fig. 1Photomicrographs illustrating different cases with bulk cancer cell migration (**a**, **b**, **c**), mixed bulk and EMT migration (**e**), and classical EMT (**d**); in all of them carcinomas cells invade the vascular wall, in some into the lumen; **a**-**c** adenocarcinomas, D squamous cell carcinoma. H&E, magnification bars 50 μm (**a**, **b**) and 25× (**c**, **d**)

As a first step, we aimed to explore the frequency of bulk migration in AC and SCC, to evaluate molecules which might be associated with migration, invasion, and metastasis using immunohistochemistry. We are aware of limitations of this study: morphology provides a snapshot at a certain stage of development of a carcinoma, but cannot provide insight into dynamics of migration. However, we can compare expression patterns in the primary tumour with migrating and metastatic cells, which is not possible in a cell culture system. A morphological analysis can provide necessary information on which to base an experimental design.

Methods {#Sec2}
=======

Thirty cases of AC and SCC were retrieved from the Lung Archive, all characterized by vascular invasion into pulmonary arteries or veins. The selected cases required having the central tumour, the invasion front to lung or pleura, and the vascular invasion on the same tissue slide to compare staining patterns side by side (Fig. [1](#Fig1){ref-type="fig"}; SETstudy). With a literature search, several molecules were identified as being associated with migration and invasion. Antibodies for these molecules were purchased and tested for their specificity. Dilution and pre-treatment was adapted when necessary (for details, see Table [1](#Tab1){ref-type="table"}). As the study set had a rather small number of cases, we aimed to validate the importance of the markers in a larger cohort of NSCLC: tissue microarrays (TMA) were chosen which contained a total of 325 AC, 142 SCC, and 61 LC (validation set for immunohistochemistry; TMAval); out of these cases, whole tissue sections from 115 cases of SCC and 117 cases of AC were randomly chosen for the evaluation of bulk and/or EMT migration (SETval). To evaluate the importance of the markers for metastasis, another TMA, composed of 45 cases of primary tumour and up to three corresponding metastasis (TMAmets), was chosen.Table 1Antibodies used in this study including clone, dilution, and pretreatmentMarkerCompany, cloneDilutionPretreatmentVisualizationBrkBiosource1:200CC1mildUV/DABCdC42Santa Cruz1:50MW6,0ENV/DABConnexin 43/GJA1Novusbio1:500CC1mildUV/DABCXCR1Abcam1:200MW9,0ENV/DABCXCR2Abcam1:200MW9,0ENV/DABCXCR4Abcam 1248241:500retrievalDAKO WBHRB-DABEcadherinDakoReady to usehigh phOmnis FlexNcadherin (5D5)Abcam1:500CC1mildUV/DABERK1/2 p44/42MAPKCell signaling1:100MW TrisENV/DABFocal Adhesion kinase FAKAbcam1:1000MW6,0ENV/DABFascin 1Chem1:500MW6,0CM/AECIntegrin-linked ILK phosphoS246Abcam1:100CC1mildUV/DABMadNovusbio1:100CC1mildUV/DABPI3K p110αCell signaling1:50MW9,0CM/AECPLCγAbcam1:100MW9,0ENV/DABRab40BProteintech1:200MW6,0ENV/DABRack1Spring1:100CC1mildUV/DABRhoAAbcam1:200MW6,0ENV/DABSARI/BATF2 (MGC20410)Novusbio1:200CC1mildUV/DABSAXAbcam1:200CC1mildUV/DABSlugNovusbio1:100CC1mildUV/DABSMARCA4/BRG1Abcam1:200CC1mildUV/DABSnailSanta Cruz1:50MW6,0ENV/AECpSRC phosphoS75Abcam1:100CC1mildUV/DABTGF1βSanta Cruz1:50CC1mildUV/DABTks5Novusbio1:75MW6,0ENV/DABTwist(10E4E6)Novusbio1:50MW6,0ENV/DABVimDakoReady to uselow phOmnis FlexYAP phospho127Abcam1:300CC1mildUV/DABZEB1/ARBE6Abcam1:200CC1mildUV/DABZFPL1Abcam1:200CC1mildUV/DAB

Each case in the TMA was represented by at least 3 cores of tumour tissue and 1 core of normal lung tissue or metastatic site. Immunohistochemistry in TMAval/TMAmets was performed for those markers, which showed a different staining pattern in the study set between the central tumour and the two invasion sites (front and/or vascular invasion). Three pathologists (MZ, LB, HP) evaluated the slides independently. All cases were discussed and re-evaluated together in cases of discordant scores.

Results {#Sec3}
=======

Study set {#Sec4}
---------

Twenty-eight out of 30 carcinomas showed bulk cancer migration, with tumour bulks also seen in the blood vessel walls (Fig. [1a](#Fig1){ref-type="fig"}-[c](#Fig1){ref-type="fig"}). One case showed a typical EMT pattern (Fig. [1d](#Fig1){ref-type="fig"}), and in another case (Fig. [1e](#Fig1){ref-type="fig"}), a hybrid pattern was seen with both EMT and bulk migration. A cancer cell bulk was defined by a minimum of 15 cells, and in general, the number of cells forming a bulk was \> 30. An EMT migration pattern was defined as single cell or small cell clusters of no more than 5 cells. A mixed pattern was defined when both types were present. ACs were either acinar, papillary, or solid subtypes, no micropapillary or cribriform types. SCC were well to moderately differentiated (Additional file [1](#MOESM1){ref-type="media"}: Table S1).

All carcinomas demonstrated nuclear positivity for Twist (30/30), there was no difference between invasion and vascular invasion, and the main tumour. Staining intensities ranged from moderate to strong (Fig. [2a](#Fig2){ref-type="fig"}), and in some cases, in addition to nuclear, cytoplasmic staining was seen as well. Zinc finger E-box binding homeobox 1 (ZEB1), a gene under the control of Twist and known as the most important mediator for EMT, was negative in all cases (Fig. [2b](#Fig2){ref-type="fig"}), except for one pure EMT case.Fig. 2Immunohistochemistry in an area of vascular invasion; **a**) Twist, one arrow pointing to the carcinoma complexes (left), the other to the vascular wall (top), **b**) ZEB1, tumor cell nuclei are all negative; note the positively stained stroma cells, **c**) E-Cadherin, the tumour bulks are stained within the vascular wall, **d**) N-Cadherin, positively stained acini in the invasion front, **e**) vimentin, compare light staining of tumour cells and strong staining of the stroma cells, vimentin positive (single arrow) and negative (double arrow) tumour cells, **f**) cytokeratin, **g**) Fascin; magnification bars 50 μm (**a**-**c**, **e**-**g**), and 20 μm (**d**), respectively

All carcinomas stained for E-Cadherin (E-Cad) in a membranous pattern (Fig. [2c](#Fig2){ref-type="fig"}). The intensity varied: in 24 tumours, staining was less intense at the invasion and vascular invasion front compared to the central tumour; in 8 cases, a loss of staining was seen in some cells within the tumour bulk. N-Cadherin (N-Cad) was positive in all carcinomas, and staining intensity varied, with 9 cases strongly stained, and all others being less intense (Fig. [2d](#Fig2){ref-type="fig"}). All of these cases coexpressed E-Cad. In pre-tests, βCatenin showed membraneous staining. As there was also no loss of E-Cad, we did not evaluate the canonical Wnt family member(Wnt)-Frizzeld-βCatenin pathway. Vimentin was negative in 21/30 carcinomas. In 9 carcinomas within the vascular walls and at the invasion front, several tumour cells were positively stained for vimentin but still connected to the main tumour cell bulk. Vimentin-positive cells were absent in the central tumour, and, within the bulk, positive cells were concentrated at the periphery (Fig. [2e](#Fig2){ref-type="fig"}). All tumour cells, including vimentin-positive ones, were positive for cytokeratin (Fig. [2f](#Fig2){ref-type="fig"}). When comparing vimentin and E-Cad staining, it turned out that vimentin-positive tumour cells showed loss or reduction of E-Cad positivity.

Fascin antibodies stained 19 cases of central tumour and invasive front (Fig. [2g](#Fig2){ref-type="fig"}), in 7 additional cases, only the invasion site was positive. In 2 carcinomas the central tumour showed minimal focal staining, and only 2 cases were completely negative. Staining intensity was more pronounced at the invasive front and the vascular invasion compared to the central part of the carcinoma. All cases positive for vimentin also showed positive staining for fascin, but with less intensity.

Mother against dpp (Mad) and Brinker (Brk) were more intensely positive at the invasion site in 23/30 carcinomas (Fig. [3a](#Fig3){ref-type="fig"}). In 4 additional cases, only single positive tumour cells were found. Brk was focally positive in 15 tumours (Fig. [3b](#Fig3){ref-type="fig"}). All cases positively stained for Brk were also positive for Mad. Staining was nuclear as well as cytoplasmic. Saxophone (SAX) and receptor of activated C kinase (Rack1), the two other proteins associated with Drosophila wing border cell migration, were negative.Fig. 3Immunohistochemistry for different markers associated with migration. **a**) Mad, **b**) Brk, **c**) Tks5, **d**) Rab40B, **e**) pERK1/2, **f**) PLCγ, **g**) RhoA, tumour centre (double arrow), vascular invasion (single arrow), **h**) connexin43, **i**) YAP1, arrow points to vascular invasion; magnification bars 50 (**a**-**f**, **h**-**i**) and 100 μm (**g**), respectively

Staining for the two invadipodia-inducing proteins Rab40B (member of RAS oncogene family) and Tks5 (scaffold protein TKS5) showed positivity exclusively at invasion sites (Fig. [3c](#Fig3){ref-type="fig"}) in 21/30 cases (Tks5). In 11 cases Rab40B was coexpressed with Tks5 (Fig. [3d](#Fig3){ref-type="fig"}). All Tks5-positive cases were also positive for Mad.

Extracellular regulated MAP kinase (pERK1/2) was positive in the central areas of 10 carcinomas, and in 6 of them the invasion front was positive as well, however with lower intensity compared to the main tumour (Fig. [3e](#Fig3){ref-type="fig"}). In 16 carcinomas positivity was confined to the invasion front and vascular invasion, leaving the central tumour unstained; in one case, only the pleural invasion was positive. Phospholipase C gamma (PLCγ) staining was associated with stromal and pleural invasion in 22/30 cases - the primary tumours were negative in all cases (Fig. [3f](#Fig3){ref-type="fig"}). Tumour cell complexes within blood vessels (wall or lumen) also expressed PLCγ. In contrast, Ras homolog family member A (RhoA) was less intensely stained in the invasion front compared to the central tumour area in 27/30 cases (Fig. [3g](#Fig3){ref-type="fig"}). Cell division cycle 42 (CdC42) was focally positive in 5/30 cases, especially at the invasion front, and it was distributed randomly in the central tumour and invasion front in 2 cases.

Connexin43, an adhesion molecule for homing to lung endothelia, was positive in 20/30 carcinoma (Fig. [3h](#Fig3){ref-type="fig"}). These were most often scattered cells within the central as well as in the invasive carcinoma, being more numerous at the invasion site. C-X-C motif chemokine receptor 4 (CXCR4) was positive in 9 cases, in 7 of them very focally in a small number of tumour cells. There was no difference between the tumour centre and the invasion. CXCR2 was only focally positive in 11/30 carcinomas. CXCR1 was positive in all carcinomas, and no difference was found between central and invasive cells. The reaction pattern was focal with negative cells present in all cases. Focal adhesion kinase (FAK) was focally positive in 15 tumours, a more intense staining was seen in tumour centres compared to invasion fronts. A nuclear staining was seen for Integrin-linked kinase (ILK) in 10 cases, and in 8 additional cases, positivity was confined only to mitotic cells. Areas of invasion were constantly negative. Phosphorylated SRC proto-oncogene tyrosine kinase (pSRC) was positive in 6 cases; in 4 of them, positivity was seen exclusively in mitotic cells, and only 2 had a more random nuclear positivity. There was no correlation to invasion.

Antibodies for Slug, TGFβ1, and basic leucine zipper ATF-like transcription factor 2 (SARI) reacted negatively in all carcinomas. 13/30 cases were minimally positive for Snail, but only in a small number of cells. SWI/SNF related, matrix-associated, actin-dependent regulator of chromatin subfamily A member 4 (SMARCA4) was positive in all cases. There was no difference when the tumour centre, the invasion front and vascular invasion were compared. Yes-associated protein 1 (YAP1) was positive in 29/30 cases, the invasion site always being less intensely stained (Fig. [3i](#Fig3){ref-type="fig"}). In 21 cases, staining was nuclear as well as cytoplasmic. Zinc finger protein like 1 **(**ZFPL1**)** was positive in 8/30 tumours; however, in 7 of them, only few predominantly keratinized SCC cells stained; only one carcinoma was diffusely positive.

### Validation set (SETval, TMAval) {#Sec5}

From the validation set, 82 cases of SCC and 83 AC showed bulk migration, 2 SCC and 1 AC cases showed EMT migration pattern, and 31 SCC and 33 AC cases showed a mixed bulk and EMT migration pattern (SCC: 71, 27, 2% respectively, AC: 70, 28, \< 1% respectively; Fig. [4a-d](#Fig4){ref-type="fig"}). Mixed bulk and EMT migration is defined by tumour bulks and single cell infiltration either coexisting in one area, or separately.Fig. 4Examples from the evaluation set (SETval) are shown. **a** and **b** are examples of mixed bulk and EMT migration. Double arrows show bulk and single arrows EMT type migration; **c** and **d** are examples of bulk migration only; **a** and **c** acinar and solid adenocarcinomas, **b** and **d** squamous cell carcinomas; magnification in all cases × 100

When looking up the staining patterns of SCC, large cell (LC), and AC on the TMAval, the following was observed (Table [2](#Tab2){ref-type="table"}): E-Cad staining was lost in 1.2% of AC, 0.8% of SCC, and 8.3% of LC. Strong membranous staining was observed in 17.8% of AC, 43.5% of SCC, and 30% of LC. N-Cad was positive in all AC and SCC, and only negative in 3.3% of LC. Strong expression was seen in AC, SCC, and LC in 21.8, 12.1, and 13.3%, respectively. High percentages of positive cases were seen for Mad, and low percentages for Vimentin, whereas Twist was positive in half of the AC cases, and much higher in SCC and LC. Strong expression for pERK was seen in AC, SCC, and LC in 21.4, 13.2, and 33.3% respectively, while negative reactions were seen in 31.9% (AC), 45.6% (SCC), and 8.3% of LC cases respectively. Tks5 and PLCγ was expressed in more than half of all cases of AC, and SCC, whereas negative in LC in 63.9%.Table 2Expression of markers associated with migration in tissue microarrays for adenocarcinomas (325 cases), squamous cell carcinomas (142 cases), and large cell carcinomas (61 cases). For ECadherin, NCadherin, and pERK the percentages of negative as well as strong expression is given, for Mad, Twist, Vim, PLCγ, and Tks5 only positive reactions are recorded. For Connexin 43 a mean and standard deviation as well as the range is givenConnexinECadNCadMadTwistVimpERKPCLγTks5ACMean 18.32 ± 24.83\
Range 0--961.2% negative\
17.8% strong positiveAll cases positive, 21.8% strong positive82.2% positive50.7% positive6.4% positive31.9% negative\
21.4% strong positive53.1% positive42.1% positiveSCCMean 53,12 ± 29.52\
Range 0--900.8% negative\
43.5% strong positiveAll cases positive, 12.1% strong positive81.0% positive83.8% positive15.2% positive45.6% negative\
13.2 strong positive53.7% positive73.2% positiveLCMean 30.38 ± 29.14\
Range 0--908.3% negative\
30.0% strong positive3.3% negative\
13.3% strong positive80.0% positive78.4% positive47.6% positive8.3% negative\
33.3% strong positive65.0% positive36.1% positive

Metastasis set (TMAmets) {#Sec6}
------------------------

The TMA with combined primary tumour and metastasis tissue was tested for Connexin, Tks5, MAD, TWIST, vimentin, PLCγ, and CXCR4. In the TMAmets brain and extrathoracic lymph nodes metastasis were predominantly present, while adrenal glands, liver, skin, and bone appeared less frequently. There was a good concordance of positively stained carcinoma cells in the primary tumour and the metastasis for MAD, connexin43, CXCR4, and PLCγ, whereas TWIST, vimentin, and Tks5, were significantly more highly expressed in metastasis (Table [3](#Tab3){ref-type="table"}). However, a comment is needed on vimentin: in general, expression was restricted to few cases (19 metastasis, only 3 corresponding primary tumours), which makes statistical significance questionable (Additional file [2](#MOESM2){ref-type="media"}: Table S2).Table 3Frequency of positivity of carcinoma cells for connexin43, MAD, Twist, vimentin, PCLγ, Tks5, and CXCR4 in paired primary tumors and metastasis of predominantly AC and SCCProteinPrimary tumor (%)Metastasis (%)SignificanceConnexin 4328.8 ± 34.225.4 ± 29.9*p* 0.4MAD38.8 ± 30.132.2 ± 21.9*p* 0.3TWIST23.8 ± 25.752.6 ± 27.6*p* \< 0.0001Vimentin2.1 ± 6.618.3 ± 30.7*p* 0.005PLCγ17.6 ± 18.929.8 ± 20.1*p* 0.02Tks55.1 ± 6.314.3 ± 18.8*p* 0.008CXCR46.2 ± 12.14.7 ± 12.3*p* 0.4

Discussion {#Sec7}
==========

Migration of carcinoma cells is a complex process which requires modification of the adhesion to their neighbouring cells, formation of invadipodia, disconnection from the primary tumour, development of sensory capacity for oxygen tension and pH gradient, reading adhesion molecules present on matrix proteins to gain orientation (fibronectin, collagens, etc.), and creating energy for movement -- all depending on the initiation of a multi-layered genetic program.

Here, we describe bulk cancer cell migration, also called complex movement or hybrid EMT \[[@CR13], [@CR18]\], as the predominant mode of migration in pulmonary squamous and adenocarcinomas. Carcinomas even retained their acinar, plate-like, or sheet formation. Our findings are based on a morphological analysis which provides a comparison of the primary tumour, migrating cells, and metastasis. If carcinoma complexes are seen within the vascular wall and lumen, it is very likely that the cells migrated there in the same bulk. Vascular invasion is therefore the optimal site for investigating the mode of migration. A comparison of expression of molecules between the primary tumour and the bulk cells might provide a first insight into which of these factors might be responsible for migration and allow a hypothesis to be formed. Dynamics of this process, such as up- and downregulation of molecules involved in bulk migration, cannot be evaluated on histology, but our findings can be used to create an experimental model.

Proteins associated with bulk cancer migration {#Sec8}
----------------------------------------------

In bulk migration, there is no mesenchymal transition, as the tumour cells retained cytokeratin and E-Cad, although the latter downregulated at the invasion front. N-Cad was induced in all carcinomas more intensely stained at the invasion front, but always coexpressed with E-Cad. Although Twist was active in all tumours, its regulation was not controlled by TGFβ1 \[[@CR19]\]. In contrast to EMT, Twist did not induce loss of E-Cad \[[@CR1]\], and another EMT mediator, ZEB1 \[[@CR20]\], was negative. Twist has been described as inducing Snail via the neurotrophic receptor tyrosine kinase B, yet in our cases, Snail was expressed in few cases and in single cells only \[[@CR21]\]. However, Twist might have induced TAZ/Yap in all cases with bulk migration \[[@CR22]\]. As TGFβ1 was negative in all carcinomas, downstream genes such as Slug and Smads' were negative, too, and β-Catenin was regularly located at the cell membranes \[[@CR20]\], ruling out any role for the canonical SARI-GSK3-βCatenin and Wnt-Frizzeld pathways to play in bulk migration. Interestingly, Twist was expressed highly in metastasis, pointing to an important function for metastasis as well. Twist most likely is not responsible for the upregulation of vimentin, as it was also expressed in vimentin-negative carcinomas. The loss of SARI (suppressor of AP-1 or BATF2) in all tumour cases also did not suppress E-Cad \[[@CR23]\]. However, loss of SARI might have contributed to the expression of vimentin, being a vimentin suppressor \[[@CR23]\].

In EMT, the exchange of cytokeratin for vimentin is explained by the fact that vimentin gives carcinoma cells more flexibility to change cell shape and thus adapt for migration better. E-Cad contributes to tight binding of carcinoma cells. Our finding of tumour cells coexpressing vimentin and cytokeratin at the bulk border and of reduced expression of E-Cad in these bulks (staining intensity equivalent to decreased receptor density) probably results in more freedom of movement while still keeping the cell together \[[@CR24]\]. It might be speculated that the vimentin-expressing cells could act as 'bulk officers', coordinating movement, which is supported by recently published findings \[[@CR25]\]. As this only happened in a minority of tumours, another mechanism such as fascin might replace vimentin in this function, which fits nicely with our results \[[@CR26]\].

Fascin an actin-binding protein, was upregulated in tumour centres, but more intense at the invasion front. It might be another factor providing cross-talk within bulk cells. Fascin is crucial for filopodia formation \[[@CR27]\]. Interestingly, expression of fascin was associated with expression of TAZ/YAP, which confirms a previous report linking YAP to migration \[[@CR28]\]. Two of the proteins responsible for migration in Drosophila wing border cells, Mad and Brk, were expressed in most tumours of our test set, as well as in most NSCLC from the validation and metastasis sets. Both were often coexpressed. Both might be important mediators of bulk migration in NSCLC. Interestingly, in NSCLC, the expression of Mad, and Brk was not under the rule of TGFβ1 \[[@CR17]\]. Src-kinase was not phosphorylated in the majority of NSCLC cases. Nevertheless, the lack of Src activation indicates a reduction of cell cohesion and therefore an increase in bulk cell migration \[[@CR17]\], thus fitting our observations and hypothesis.

Invadipodia formation is induced by either Rab40B or Tks5 or both \[[@CR29], [@CR30]\]. Coexpression of both proteins was found in half of the cases, while focal expression of Tks5 occurred in 6 additional cases. Expression was exclusively confined to carcinoma cells at the front of the tumour bulk. This is also reflected in the fact that Tks5 was expressed in two thirds of the metastasis, whereas significantly less expressed in the corresponding primary tumours. Expression of Tks5 is regulated by cortactin and neural Wiskott-Aldrich syndrome protein (N-WASP), which is frequently upregulated in NSCLC. N-WASP might also cause the upregulation of RhoA, as observed in almost all our tumour cases \[[@CR29]--[@CR31]\]. Interestingly, RhoA staining was more intense in the tumour centre compared to the invasion front, which raises some questions concerning its function: E-Cad was reported to downregulate RhoA and, in turn, reduce migration \[[@CR32]\]. In bulk migration, E-Cad expression was retained, and RhoA expression was only reduced at the invasion site like E-Cad. RhoA in tumour centres probably have an additional function other than migration. The axis by which RhoA induce LATS, which in turn inhibit YAP/TAZ, does not function in bulk migration: Both RhoA and YAP/TAZ were expressed, the latter being present in all cases \[[@CR33]\]. However, expression of YAP very well fit together with phosphorylation of ERK1/2, E-Cad expression, and absence of β-Catenin nuclear translocation \[[@CR33]\].

Phosphorylated ERK1/2 was expressed in the carcinoma centre as well as at the invasion front, but less intense. As this expression was, in some cases, only present at the invasion front, ERK seems to play a role in migration, probably by interacting with other not yet identified proteins. There might exist underlying functional changes of ERK: Migrating cells usually do not proliferate, but when forming a metastatic focus, an increase in energy is required, probably reflected by ERK activation. PLCγ, another enzyme under the control of the RAS pathway, was exclusively upregulated at invasion sites and negative in tumour centres. In addition, it was highly expressed in metastasis compared with the primary tumour (invasion front), although this did not reach statistical significance. This confirms reports which already suggested that this enzyme is directly involved in migration and metastasis, probably by anaerobic decomposition of lipids \[[@CR34]--[@CR36]\]. Interestingly, PLCγ and RhoA are both induced by vascular growth factors \[[@CR37]\]. Cytokines such as CCR7, often expressed in NSCLC, are also linked to PLCγ and the PI3K-Akt pathway \[[@CR38]\]. PLCγ together with different integrins' linked to the vascular endothelial growth factor family might be major drivers for angiogenesis \[[@CR39]\].

Factors associated with migration, homing and metastasis {#Sec9}
--------------------------------------------------------

Upregulation of Mad, Twist, and PLCγ in metastasis points to important functions within the metastatic site, as well. Bulk movement is most likely the preferred mode of migration at metastatic sites, too. Mad, however, might be an early mediator of migration and is thus expressed equally in primary and metastatic tumours. Tks5 was unexpectedly lost in one third of metastases. It might be that the formation of invadipodia can be regulated by other proteins. The function of PLCγ requires further investigation, as this enzyme is important for migration as well as metastasis.

Connexin43 (Con43), reported to be associated with intrapulmonary metastasis \[[@CR40]\], was expressed in groups of carcinoma cells within the central area as well as at the invasion front. However, given the high frequency of expression in our cases, it does not seem very likely to be a marker for intrapulmonary metastasis. Con43 was equally expressed in extrathoracic metastases. It might therefore be associated with metastasis in general.

Chemokine receptors have been reported as being specifically associated with homing. CXCR4 has been reported as being responsible for metastasis to the brain \[[@CR41], [@CR42]\]. In our cases, the frequency of CXCR4 expression was 30%, which would fit with the reported frequency of brain metastasis, especially in AC. When comparing CXCR4 expression in the TMAmets, it was expressed in half of the primary tumours and one third of metastasis; it was expressed in low percentages of carcinoma cells, and no preferential expression in brain metastasis was seen. Therefore, CXCR4 alone most likely does not function as a mediator of brain metastasis. As it is also highly expressed in stroma cells it might point to tumour-stroma cell communication. CXCR1 has been reported as being associated with early recurrence and metastasis in low-stage adenocarcinomas \[[@CR43]\]. As all of our cases were characterized by early recurrence and metastasis due to vascular invasion and as all carcinomas express CXCR1, our observation is consistent with this. However, CXCR1 does not seem to be directly associated with vascular invasion, as it was equally expressed in the primary tumour and at the invasion front. CXCR2 was positive in 1/3 of our cases, staining intensity was less at the invasion front; but positive reactions were higher in macrophages in all cases. Thus, CXCR2 might play a role for M2-macrophages assisting lung carcinomas to facilitate neoangiogenesis \[[@CR44], [@CR45]\].

Focal adhesion kinase (FAK) was expressed in only few cases and in few tumour cells. The expression of SMARCA4 (also called BRG1) was positive in all carcinomas, at equal amounts within the tumour centre and the invasion front. SMARCA4 loss has been reported in dedifferentiated carcinomas and has been associated with rapid progression. This could not be proven in our series. Despite the fact that many of the carcinomas were well to moderate differentiated, they did not lose SMARCA4 \[[@CR46]\].

All markers identified in the study set were also found in the large cohort of carcinomas (validation set). There were some differences in the frequency of expression, especially for Mad, Tks5, PLCγ, and pERK, which might be due to the fact that, in tissue microarrays, punches are most often taken from central tumours, and therefore invasion front is not always represented and vascular invasion appears rarely, as well. The findings of frequent expression of Mad, Twist, vim, and PLCγ in metastasis confirms this interpretation. With respect to the different types, E-Cad, N-Cad, Mad, PLCγ, and Tsk5 were expressed in similar percentages in all carcinomas, while Connexin43 and Twist were more frequently expressed in SCC and LC compared to AC.

By establishing a model to study bulk migration, several aspects will be taken into account: Cell cultures cannot be used, as a low density of seeded cells will automatically induce EMT, including expression of vimentin or smooth muscle actin to reach their neighbouring cell. The cells would also lose cytokeratin and E-Cad and express N-Cad \[[@CR9], [@CR47]\].

Conclusions {#Sec10}
===========

In conclusion, we identified bulk cancer cell migration as the predominant form in AC and SCC, whereas pure EMT is rare. In addition, we identified a mixed form composed of EMT and bulk migrations which accounts for approximately 25% of AC and SCC. Several proteins known from EMT studies have been identified, but are differently regulated in bulk migration. Twist, vimentin, fascin, Mad, Brk, Tsk5, Rab40B, ERK1/2 and PLCγ are involved in bulk cancer cell migration, but they are not under the rule of TGFβ1 (Additional file [3](#MOESM3){ref-type="media"}: Figure S1 show a schematic drawing how the different proteins might interact). The known pathways Wnt-frizzeld-βCatenin and TGFβ1, along with Snail, Slug, and ZEB1, are not involved in bulk cell migration. Bulk, complex, or hybrid migration, is placed in between EMT and epithelial complex migration representing the opposite poles \[[@CR15], [@CR48]\]. The homing and metastasis function of Connexin43, CXCR1, and CXCR4 require further study. Bulk migration requires an orchestrated activation of proteins to keep the cells bound to each other and to coordinate the movement. As this study was based on a retrospective analysis of lung carcinoma tissues, no functional assays were done. However, we will explore this type of migration using an in vivo experimental system.
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================

 {#Sec11}

Additional file 1:**Table S1.** Raw data of each case of the study set for the evaluated antibodies. Cases are numbered consecutively. (XLSX 44 kb) Additional file 2:**Table S2.** Raw data of the evaluation of the metastasis TMA. Prim = data of the primary tumor and META = data from the corresponding metastasis; in case of several metastasis the data were pooled and a mean was calculated. In addition statistical calculations for each marker were added (student t-test for paired data). (XLSX 27 kb) Additional file 3:**Figure S1.** Schematic cascade of migration factors. In EMT (left, orange) TGFβ activates Twist, which activates ZEB1, SNAIL and Slug; ZEB1 suppresses cytokeratin, E-Cad, and RhoA, but upregulates Vim and N-Cad. In bulk migration (green) Twist is upregulated by an unknown factor, it does neither induce ZEB1, nor SNAIL or SLUG, but likely induce YAP1; E-Cad is down- and N-Cad upregulated. YAP1 might be upregulated by N-WASP, and itself upregulates probably ERK1/2; RhoA does not block YAP1 (via LATS), and Mad/Brk probably induce Tks5 and RAB40B; vascular growth factors of the chemokine family might induce RhoA and PCLγ. (JPEG 2662 kb)

AC

:   Adenocarcinoma

Brk

:   Brinker

CdC42

:   Cell division cycle 42

Con43

:   Connexin43

CXCR1/2/4

:   C-X-C motif chemokine receptor 1/2/4

E-Cad

:   E-Cadherin

EMT

:   Epithelial-to-mesenchymal transition

FAK

:   Focal adhesion kinase

frizzled

:   Frizzled class receptor family

ILK

:   Integrin-linked kinase

LC

:   Large cell carcinomas

Mad

:   Mother against dpp

N-Cad

:   N-Cadherin

NSCLC

:   Non-small cell carcinoma

PC

:   Pleomorphic carcinoma

pERK1/2

:   Extracellular regulated MAP kinase

PLCγ

:   Phospholipase C gamma

pSRC

:   Phosphorylated SRC proto-oncogene, non-receptor tyrosine kinase

Rab40B

:   Member of RAS oncogene family

Rack1

:   Receptor of activated C kinase

RhoA

:   Ras homolog family member A

SARI

:   Basic leucine zipper ATF-like transcription factor 2

SAX

:   Saxophone

SCC

:   Squamous cell carcinoma

SCLC

:   Small cell carcinoma

Slug (also SNAI2)

:   Snail family transcriptional repressor 2

SMARCA4

:   SWI/SNF related, matrix associated, actin dependent regulator of chromatin subfamily A member 4

TGFβ

:   Tumor growth factor

Tks5

:   Scaffold protein TKS5

TMA

:   Tissue microarray

TWIST

:   Twist family bHLH transcription factor 1

Wnt

:   Wnt family member

YAP1

:   Yes associated protein 1

ZEB1

:   Zinc finger E-box binding homeobox 1

ZFPL1

:   Zinc finger protein like 1
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